We investigated the acute toxic and metabolic effects of 23 aliphatic alcohols (16 saturated and 7 unsaturated) in the isolated perfused rat liver at a concentration of 65.1 mmol/l (Ϸ0.3% ethanol). The capacity of the straight chain primary alcohols (methanol, ethanol, 1-propanol, 1-butanol and 1-pentanol) to release the enzymes glutamate-pyruvate transaminase (GPT), lactate dehydrogenase (LDH) and glutamate dehydrogenase (GLDH) into the perfusate was strongly correlated with their carbon chain length. The secondary alcohols were less active in this respect whereas branching of the carbon chain did not consistently change alcohol toxicity. Unsaturation in the straight chain but not in the branched chain alcohols was accompanied by an increase in toxicity. An increased enzyme release was in general accompanied by, and correlated to, reductions in oxygen consumption, bile secretion, and perfusion flow of the isolated livers. Statistically significant correlations exist between parameters of alcohol-induced hepatotoxicity and the membrane/buffer partition coefficents of the alcohols. With the exception of methanol, all alcohols tested increased the lactate/pyruvate ratio of the perfusate, although this effect was not correlated to the degree of hepatic injury. Hepatic ATP concentrations decreased in most cases in line with hepatic injury and were particularly correlated with changes in oxygen consumption. Hepatic concentrations of reduced glutathione (GSH) were only diminished by the unsaturated alcohols, whereas an increase in hepatic oxidized glutathione (GSSG) occurred only with some of the saturated alcohols. Hepatic concentrations of malondialdehyde (MDA) increased after two saturated and three unsaturated alcohols but did not correlate with other parameters of hepatotoxicity. In conclusion, alcohol-induced hepatotoxicity is primarily due to membrane damage induced by the direct solvent properties of the alcohols. The consequences and relative contributions of alcohol metabolization to the overall hepatotoxicity of higher alcohols requires further study.
The hepatotoxic effects of ethanol and its mechanisms have been the subject of a huge number of studies performed by a wide range of different laboratories over the last half-century (for reviews see Lieber, 1990 Lieber, , 1991 Lieber, , 1994 . However, only a few attempts have been made hitherto to investigate the hepatic actions of other aliphatic alcohols, although many of them are widely used as industrial solvents, cosolvents, and chemical intermediates (Nelson et al., 1990) , or consumed as congeners of alcoholic beverages (Greizerstein, 1981) . Gaillard et al. (1969) reported an increase of liver hydroxyproline and triglyceride levels and a decrease of plasma triglycerides in rats after a 6-month treatment with a mixture of 8 aliphatic alcohols indicating steatosis and beginning sclerosis of the liver. Severe hepatic damage also occurred in rats treated over a period of 12 to 16 weeks with high doses of corn fused oil containing aldehydes, esters, and a large number of higher alcohols (Gibel et al., 1968 (Gibel et al., , 1969 . In our own experiments, four alcoholic congeners administered orally to guinea-pigs at doses up to 100-fold higher than those which can be ingested at the most by human binge drinking 10 ml/kg spirits (methanol 0.125 g/kg, n-propanol 0.14 g/kg, 2-methyl-1-propanol 0.335 g/kg, 3-methyl-1-butanol 1.2 g/kg) failed to exert any hepatotoxic activity (Siegers et al., 1974) . In the experiments of Hillbom et al. (1974) , feeding rats with 1 M solutions of ethanol, npropanol, or 2-methyl-1-propanol over 4 months also failed to produce a hepatotoxic response. Recently, McKarns et al. (1997) evaluated the release of LDH by rat liver epithelial cells in vitro after acute exposure to 11 short-chain alcohols; they found a correlation between the hydrophobicity of these alcohols and their ability to alter plasma membrane integrity.
To our knowledge, no further investigations have been published on the hepatic effects of alcohols other than ethanol. The sole exception is 2-propen-1-ol (allyl alcohol), the ability of which to cause periportal liver necrosis was already detected 80 years ago (Piazza, 1915 ) and the hepatotoxic action of which has been studied extensively Belinsky et al., 1986; Patel et al., 1983; Rikans et al., 1994; Strubelt et al., 1986) . The objective of this study was to evaluate the relationship between the chemical structure of alcohols and their hepatic efficacy. We expected to find a correlation between efficacy and carbon-chain length and an increase of efficacy by unsaturation. No hypothesis could be established concerning the influence of branching the carbon chain on alcohol potency. Therefore we investigated and compared the toxic, functional, and metabolic effects of 23 saturated and unsaturated short-chain aliphatic alcohols in the isolated, perfused rat liver. Most of these alcohols have not been investigated toxicologically until now, though they may reach the human organism as industrial substances or congeners of spirits. Thus, an evaluation of their hepatotoxicity is not only of theoretical but also of practical interest.
MATERIALS AND METHODS

Animals.
Male Wistar rats (320 -380 g; from Winkelmann, Borchen, Germany) were used throughout. They were allowed free access to a standard diet (Altromin pellets) and tap water until they were used.
Materials.
Unless otherwise stated, reagents used for liver perfusion and biochemical determinations were of analytical grade and obtained from either Sigma-Aldrich (Deisenhofen, Germany) or Merck (Darmstadt, Germany). Table 1 shows the names, the chemical structure, the CAS-No. and the origin of the 23 alcohols studied. They were all administered at a concentration of 65.1 mmol/l, which corresponds to a 0.3% concentration of ethanol.
Liver perfusion. Removal of the liver and its connection to a recirculating perfusion system was performed as previously described (Strubelt et al., 1986) . Livers were weighed before they were connected to the perfusion system. The albumin-and serum-free perfusion medium consisted of 250 ml Krebs-Henseleit-buffer, pH 7.4 (118 mmol/l NaCl, 6 mmol/l KCl, 1.1 mmol/l MgSO 4 , 24 mmol/l NaHCO 3 and 1.25 mmol/l CaCl 2 ). Sodium taurocholate (36.7 g/l) was infused into the perfusate at a rate of 1.2 ml/h to stimulate bile secretion. The perfusion medium was continously gassed with carbogen (95% O 2 , 5% CO 2 ) yielding an oxygen partial pressure of about 600 mg Hg and kept at 34°C. Perfusion was performed under conditions of constant pressure (240 mm H 2 O) throughout the experiment. The perfusion flow rate was initially regulated at 60 ml/min using a tube clamp and remained nearly constant in the control experiments during the investigation period. The clamp was not widened when the flow rate declined on account of toxic liver swelling. The experiments were started after a 30 min equilibration period (time 0) by adding the alcohols at a concentration of 65.1 mmol/l to the perfusate and finished 120 min after Biochemical determinations. The activities of glutamate-pyruvatetransaminase (GPT), lactate dehydrogenase (LDH), and glutamate dehydrogenase (GLDH), as well as the concentrations of lactate and pyruvate in the perfusate, were assayed using commercial kits from Boehringer, Mannheim. Malondialdehyde (MDA) was measured in the perfusate and in the livers by coupling to thiobarbituric acid (Buege and Aust, 1978) . Total glutathione was determined in liver and perfusate samples according to the procedure of Brehe and Burch (1976) . Oxidized glutathione (GSSG) was estimated by the same procedure after blocking reduced glutathione (GSH) with 2-vinylpyridine (Griffith, 1980) . For ATP determination, hepatic tissue was frozen immediately in liquid nitrogen and extracts were prepared according to Williamson and Corkey (1969) . ATP was assayed enzymatically using a reagent kit from Sigma (Munich).
Statistics.
Means Ϯ SEM were calculated in the usual manner. The difference between 2 means was calculated using Dunnett's t-test (Dunnett, 1964) setting p ϭ 0.05 as the limit of significance. Correlation coefficients were calculated using the program Sigma Plot, version 3.0 (Jandel Scientific). Their significance was evaluated according to tables published in Documenta Geigy (1969) .
RESULTS
GPT, LDH, and GLDH Release
The effects of the 23 alcohols on the releases of GPT, LDH, and GLDH into the perfusate are compiled in Table 2 . In addition to the absolute concentrations, the potency ratios as compared to control values (1) have been calculated so as to provide a better overview of the results.
The capacity of the straight-chain primary alcohols (No's. 1-5) to release enzymes was strongly correlated (r, 0.82-0.87) with their carbon-chain length as demonstrated in Figure 1 . Concerning the straight-chain secondary alcohols, 3 of them (6, 8, 9) were less active in this respect than their corresponding primary alcohols (3, 5). Only 2-butanol did not differ significantly from its corresponding primary alcohol in releasing enzymes from the liver. Branching of the carbon chain (10 -12) did not consistently influence the hepatotoxicity of primary alcohols as compared to that of the unbranched alcohols of the same carbon-chain length (4, 5). The only branched secondary alcohol, 3-methyl-2-butanol (13), was somewhat less active in releasing enzymes than the corresponding unbranched secondary alcohol, 2-pentanol (8). Only a small enzyme release was exerted by the 2-branched tertiary alcohols (14, 15) and by the cyclic alcohol cyclopropylmethanol (16). Unsaturation of the carbon chain in straight-chain alcohols was usually accompanied by an increase in their ability to release enzymes into the perfusate (cf. 17 and 18 with 3; 20 with 2). Only 2-buten-1-ol (19) was not more active in this respect than its corresponding saturated alcohol 1-butanol (4). Unsaturation also failed to increase the hepatotoxicity of branched alcohols (21-23) compared to their saturated counterparts (10, 11, 15) . The somewhat greater release of enzymes induced by 2-methyl-2-propen-1-ol (21) than by its saturated counterpart 2-methyl-1-butanol (11) seems to be by chance, when considering the high standard errors.
Oxygen Consumption, Bile Secretion, and Perfusion Flow Rate
The effects of the alcohols on isolated liver oxygen consumption, bile secretion, and perfusion flow rate are compiled in Table 3 . When comparing these results with the enzyme concentrations in Table 2 , it becomes evident that an increased enzyme release was usually accompanied by a reduction of these functional parameters of viability. When correlating the data of Tables 2 and 3 , strong correlations were found between the release of LDH in the perfusate and the decreases in oxygen consumption and perfusion flow induced by the alcohols (r, 0.84 and 0.83, respectively, p Ͻ 0.05). The correlations between LDH release and the decrease in bile secretion were less tight (r, 0.45, p Ͻ 0.05) and those between GPT release and the decrease of all 3 functional parameters were statistically insignificant (r, 0.32-0.4, p Ͼ 0.05). No correlation at all existed between GLDH release and the data of Table 3 .
Hepatic ATP, GSH, GSSG, and MDA
The concentrations of ATP, reduced and oxidized glutathione (GSH, GSSG), and malondialdehyde (MDA), as determined in the perfused livers at the end of the experiments, are compiled in Table 4 . Hepatic ATP was decreased in most cases, in line with the hepatotoxic activity of the alcohols as evidenced by enzyme release. A strong correlation (r, 0.96, p Ͻ 0.05) existed between oxygen consumption and hepatic ATP levels in particular, the latter probably resulting from the former.
Hepatic GSH concentrations, on the other hand, were not correlated with hepatotoxicity. They were reduced strongly by all unsaturated alcohols except 2-methyl-3-butin-2-ol (23), but not at all by the saturated alcohols, although many of them produced severe hepatotoxicity and functional impairment (cf .  Tables 2 and 3) . A statistically significant increase in hepatic GSSG concentrations was seen after some of the saturated alcohols (5, 6, 9, 11, 12, 14) but not after any of the unsaturated alcohols.
Hepatic MDA concentrations were enhanced significantly only after treatment with 2-methyl-2-butanol, cyclopropylmethanol (15, 16) and after 3 of the unsaturated alcohols (17, 18, 21) . Whereas the latter 3 also produced strong enzyme release and functional impairment, the former two only displayed weak hepatotoxic activity (Tables 2 and 3) .
Metabolic Effects
With the exception of methanol, all alcohols under investigation increased the lactate/pyruvate ratio within the perfusates (Table 5) . In most cases, this effect was due to an increase in the lactate and a simultaneous decrease in the pyruvate concentrations. However, the saturated branched tertiary alcohols (14, 15) and also some of the unsaturated alcohols (17, 18, 23) did not decrease pyruvate levels. No statistically significant correlations existed between the enzyme release (Table 2 ) and the metabolic changes induced by the alcohols as a whole.
DISCUSSION
In clinical as well as experimental studies, hepatotoxicity may be assessed by assaying liver cytosol-derived enzymes such as lactate dehydrogenase (LDH) or glutamate-pyruvatetransaminase (GPT). An increased leakage of these enzymes indicates damage of the cell membranes, which are attacked primarily by toxic agents. The release of glutamate dehydrogenase (GLDH) in the perfusate, on the other hand, indicates mitochondrial membrane damage and thus a more severe state of hepatotoxicity. As shown in Figure 1 , the efficacy of the straight-chain primary alcohols in releasing these enzymes into the perfusate was correlated with their carbon-chain length. This correlation of alcohol potency with the number of carbons in the alcohol chain was previously also found with extrahepatic actions of the alcohols, including anesthesia (Meyer, 1901) , depression of gut contractility and lung oxygen consumption, histamine release (Rang, 1960) , ataxia induction (McCreery and Hunt, 1978) , and overall intoxicating potency (Shoemaker, 1981) . Recently the release of LDH from liver epithelial cells was also shown to increase with alcohol chain length (McKarns et al., 1997) . These results have been interpreted as being due to the oil-water partition coefficient of the alcohols, which increases with the number of carbons in their chain. In fact, strong correlations have been observed between this coefficient and the actions of alcohols, which indicates that an unspecific binding of the alcohols to biological membranes rather than a specific receptor interaction underlies these effects (Rang, 1960; McKarns et al., 1997) .
In a study involving 50 alcohols, McCreery and Hunt (1978) found a very good correlation between the ability of the alcohols to produce acute intoxication in rats and the membrane/ buffer partition coefficient (P(m/b)), which also increased with an increasing number of carbon atoms. An unspecific binding to biological membranes thus can be assumed to increase with the carbon chain length of alcohols. We correlated the P (m/b) data from this study with the release of LDH, GPT, and GLDH in our study and found correlation coefficients of 0.53, 0.51, and 0.49, respectively (p Ͻ 0.05). Statistically significant correlations also exist between P(m/b) values and the decreases in oxygen consumption, bile secretion and perfusion flow induced by the alcohols (r, 0.72, 0.39, and 0.63, respectively; p Ͻ 0.05). These data taken together are consistent with the hypothesis that the alcohols produce their hepatotoxic effects primarily by entering and disordering biological membranes.
However, many studies have shown that ethanol exerts hepatotoxicity due to metabolic changes that are induced following its oxygenation by alcohol dehydrogenase (Lieber, 1994) . The toxic effects of ethanol on perfused rat livers can therefore be completely prevented by inhibition of ADH with 4-methylpyrazole. The hepatotoxic effects of 1-propanol, however, are only partially inhibited by 4-methylpyrazole, and those of 1-butanol and 1-pentanol not at all (Strubelt et al., 1998). In the case of ethanol, therefore, binding to the cell membrane only predisposes its entrance into the cytosol where hepatotoxicity ensues as a result of ethanol metabolization, and inhibition of ethanol metabolism thus inhibits ethanol-induced hepatotoxicity. With increasing alcohol carbon-chain length, the significance of the unchanged molecule in bringing about hepatotoxicity increases, while that of the metabolic changes brought about by alcohol metabolization decreases, and inhibition of alcohol metabolization then fails to inhibit hepatotoxicity.
With the exception of methanol, all alcohols tested increased the lactate/pyruvate ratio within the perfusates. A rise in the lactate and a decrease in the pyruvate concentrations in the blood caused by ethanol has been reported many times in animals and man (Wallgren and Barry, 1970) and is regarded as a net result of an excess of reducing equivalents, primarily NADH, generated by ADH-mediated ethanol oxidation (Lieber, 1994) . It must be noted, however, that such a metabolic change does not offer a quantitative estimate of an effect but is instead a qualitative indicator for a change in the cellular redox state. The important fact proven by our experiments is that all higher alcohols exert a change in the relative cellular levels of NAD and NADH, although the extent of this change does not correlate with the degree of hepatic injury.
The release of GLDH from the isolated livers indicates mitochondrial injury, which was also shown by the decreases in oxygen consumption. A decreased energy supply from mitochondrial respiration is obviously the cause for the decline in hepatic ATP concentrations as evidenced by the strong correlation between both effects (r, 0.96). Chemical hypoxia result- ing from mitochondrial injury may account, at least partially, for alcohol-induced hepatotoxicity in those cases where oxygen consumption and hepatic ATP declined dramatically. A general mechanism for the detoxication of electrophilic toxicants is conjugation with the thiol nucleophile glutathione (GSH), which may occur spontaneously or can be facilitated by glutathione S-transferases. High doses of hepatotoxicants may overwhelm this detoxification process, which may in turn lead to a depletion of hepatic glutathione, an accumulation of the ultimate toxicant, and toxic injury. Strong depletions of hepatic GSH were induced in our study by all unsaturated alcohols with the exception of 2-methyl-3-butin-2-ol (23), which reduced hepatic GSH only by one-third (statistically not significant). This effect may be the consequence of the metabolization of these alcohols to reactive intermediates binding to and depleting GSH. It has been demonstrated convincingly that the hepatotoxic action of allyl alcohol (2-propen-1-ol, #17) depends on its oxidation to acrolein, which can bind to and rapidly deplete GSH Reid, 1972) . Furthermore, inhibition of ADH also prevents hepatotoxicity induced by allyl alcohol in the same way that ethanol's toxicity is inhibited (Reid, 1972; Silva and O'Brien, 1989) . With the exception of No. 23, the other unsaturated alcohols presumably are also metabolized to reactive intermediates that bind to GSH, and their metabolization may be the cause of their hepatotoxicity. The saturated alcohols, on the other hand, did not influence hepatic GSH levels, although many of them produced severe hepatotoxicity. This may be explained by the failure of these alcohols to produce electrophilic metabolites that can be detoxified by conjugation with GSH. Obviously, the saturated alcohols exert hepatotoxicity primarily by interactions with cellular and subcellular membranes (Sun and Sun, 1985) and, in the case of ethanol and propanol, also by secondary changes resulting from their metabolism. Oxidative stress due to the generation of oxygen-free radicals associated with ethanol metabolism has been proposed as a potential mechanism of ethanol hepatotoxicity (Nordmann et al., 1987; Younes and Strubelt, 1988; Mufti et al., 1993) . Under conditions of oxidative stress, intracellular glutathione (GSH) is readily oxidized (Sies and Cadenas, 1985) . In this study, hepatic GSSG concentrations were somewhat elevated after perfusion with some of the saturated, but not at all by the unsaturated, alcohols. Quite clearly, no correlation existed between GSH oxidation and hepatotoxic alcohol effects as evidenced by enzyme release or impairment of functional parameters. Furthermore, hepatic GSSG concentrations were also not correlated with the P(m/b) coefficients (r, 0.13). These data do not support a pivotal role of oxygen stress bringing about alcohol-induced hepatotoxicity, at least under our experimental conditions.
Any free radical with sufficient reactivity to extract a hydrogen atom from a reactive methylene group of a fatty acid can initiate lipid peroxidation (Mufti et al., 1993) . There are many reports indicating that ethanol increases levels of lipid peroxidation products such as malondialdehyde (MDA), conjugated dienes or hydrocarbons like ethane and pentane (Mufti et al., 1993) . In this study, hepatic MDA concentrations were not elevated after perfusion with ethanol and most of the other saturated alcohols, and there was also no correlation between hepatic MDA and the P(m/b) coefficient (r, 0.05). This does not rule out, however, the existence of lipid peroxidation, because hepatic MDA may not be a sensitive enough test for revealing lipid peroxidation. This idea is supported by the fact that large increases in liver MDA concentrations were in fact induced by most of the unsaturated alcohols which indicated that they had stimulated lipid peroxidation. Evidence for a massive lipid peroxidation was also substantiated by the fact that great amounts of ethane were exhaled after administration of allyl alcohol to mice in vivo (Jaeschke et al., 1987) . The potency of unsaturated alcohols in inducing lipid peroxidation thus seems to be greater than that of the saturated alcohols. Whether lipid peroxidation is a cause or a consequence of alcohol hepatotoxicity, however, cannot be deduced from our results.
In conclusion, several mechanisms seem to interact in promoting the hepatotoxicity of ethanol and longer-chain alcohols. The relative contributions of direct solvent properties and metabolic effects to the overall hepatotoxic action requires further study.
